and other organ support or replacement technologies, has obscured our ability to distinguish between the seemingly discrete states of life and death. Yet, the practices of organ donation and transplantation necessitate this distinction. The ethical norm for organ donation is the "dead donor rule," which states that "vital organs should only be taken from dead patients and, correlatively, living patients must not be killed by organ retrieval" (1) . For organ transplantation to be successful, the arrest of circulation and resulting warm ischemic injury (which occur at death and during organ procurement and transplantation) must be minimized. This conundrum is partially overcome when death is determined using neurologic criteria, because the brain-dead donor remains on a ventilator and circulation is maintained until surgical removal of organs.
Organ donation from brain-dead donors continues to be the preferred source of organs for transplantation; however, one of the responses to the persistent shortage of organs has been the re-emergence of donation after cardiocirculatory death (donation after cardiac death ͓DCD͔, which is also referred to as nonheart-beating organ donation). With advances in both transplant surgery and organ preservation techniques, the practice of DCD has progressively increased. DCD programs have developed throughout the world and now account for the largest incremental increase in organ donation in active programs in the United States (2, 3) . There is an ongoing, focused attempt in the United States to increase the number of DCD donors (4) . Accompanying this renewed emphasis on DCD is the requirement to determine death as rapidly as possible after cardiac arrest to minimize any loss of circulation to the organs. This time pressure has forced the identification of a precise waiting period that is long enough to ensure the person has died but short enough to maintain organ viability for transplantation.
Death is generally understood to be based on the irreversible cessation of either brain function or circulatory and respiratory functions and the determination of death is a clinical matter that should be made according to widely ac-Objective: There is a lack of consensus on how long circulation must cease for death to be determined after cardiac arrest. The lack of scientific evidence concerning autoresuscitation influences the practice of organ donation after cardiac death. We conducted a systematic review to summarize the evidence on the timing of autoresuscitation.
Data Sources: Electronic databases were searched from date of first issue of each journal until July 2008.
Study Selection: Any original study reporting autoresuscitation, as defined by the unassisted return of spontaneous circulation after cardiac arrest, was considered eligible. Reports of electrocardiogram activity without signs of return of circulation were excluded.
Data Extraction: For each study case, we extracted patient characteristics, duration of cardiopulmonary resuscitation, terminal heart rhythms, time to unassisted return of spontaneous circulation, monitoring, and outcomes.
Data Synthesis: A total of 1265 citations were identified and, of these, 27 articles describing 32 cases of autoresuscitation were included (n ‫؍‬ 32; age, 27-94 yrs). The studies came from 16 different countries and were considered of very-low quality (case reports or letters to the editor). All 32 cases reported autoresuscitation after failed cardiopulmonary resuscitation, with times ranging from a few seconds to 33 mins; however, continuity of observation and methods of monitoring were highly inconsistent. For the eight studies reporting continuous electrocardiogram monitoring and exact times, autoresuscitation did not occur beyond 7 mins after failed cardiopulmonary resuscitation. No cases of autoresuscitation in the absence of cardiopulmonary resuscitation were reported.
Conclusions: These findings suggest that the provision of cardiopulmonary resuscitation may influence autoresuscitation. In the absence of cardiopulmonary resuscitation, as may apply to controlled organ donation after cardiac death after withdrawal of life-sustaining therapies, autoresuscitation has not been reported. (5) . In the absence of organ donation, accepted medical practice for determining death after cardiac arrest has not included standardized diagnostic criteria or a specific time period of observation. In the setting of DCD, although recommendations exist for diagnostic criteria, there is a lack of consensus on how long circulation and respiration must cease for a person to be determined dead (6 -9) . Internationally, this time period varies from 2-10 mins (10). The historical influences on these timeframes include the 1995 International Maastricht Workshop (10 mins) (11), the 1992 Pittsburgh protocol (2 mins) (12), the 1997 US Institute of Medicine report (Ն5 mins) (13) , and the 2001 Report of the Ethics Committee, American College of Critical Care Medicine, and Society of Critical Care Medicine (Ն2 mins but not Ͼ5 mins) (14) . In a recent DCD pilot project in the United States, hearts from three severely brain-injured newborns were removed for transplantation soon after cardiac arrest (3 mins in the first case and 75 secs in the other two cases) (15) . This variability in wait times required to determine death after a cardiac arrest, in part, reflects a lack of scientific evidence concerning autoresuscitation (AR) (16, 17) .
AR is the phenomenon of the heart being able to restart spontaneously and generate anterograde circulation (18) . Electrical activity of the heart (as measured by an electrocardiogram ͓ECG͔) is essential to generate the contractile activity required for the heart to produce circulation. However, simply detecting the presence of some form of electrical activity is not an indication of contractile activity or of effective circulation. The determination of death after cardiac arrest is based on indirect measurements of circulatory arrest, including absent heart sounds, absent pulse, absent blood pressure, and cessation of breathing and neurologic function. Terminal ECG activity may persist in the absence of circulation and does not preclude the diagnosis of death (10, 19 -23) .
Given these considerations, if AR can occur, then the termination of circulation is not yet irreversible and the patient is not dead. The time limits of AR are uncertain. Therefore, we conducted a systematic review of the AR literature to answer the following question: how long after cardiac arrest can AR still occur? The primary objective of this review was to summarize the evidence on the timing of AR. We hypothesized that insufficient evidence exists to define the time limits of AR and the provision of CPR confounds these limits.
MATERIALS AND METHODS

Definitions
For the purposes of this review, irreversibility of circulatory and respiratory functions is defined as a state in which these functions cannot return on their own and will not be restored by medical interventions (24, 25) . CPR was defined as any resuscitative intervention that could reestablish circulation, such as the administration of artificial respiration, cardiac compressions, cardiac resuscitation medications, and external or internal pacemakers. We defined AR as the unassisted return of spontaneous circulation (ROSC) after a cardiac arrest. The ROSC was defined as one or more of the following signs: heart sounds, pulse (detected by palpation or Doppler), blood pressure (detected by invasive or noninvasive methods), oxygenation (detected by pulse oximetry), opening of the aortic valve (detected by echocardiography), and resumption of breathing or neurologic function. Therefore, reports solely documenting the presence of ECG activity without reporting any of these signs of ROSC were excluded.
AR can occur during two very different situations: after failed CPR, first described by Linko et al (26) and subsequently called the "Lazarus phenomenon" by Bray (27) , and when no CPR has been attempted before the unassisted ROSC. In the remainder of this report, we use AR to refer to the phenomenon in a general sense. "AR after failed CPR" refers to cases of AR that occur after the cessation of failed CPR, and "AR without CPR" refers to cases in which no CPR has been attempted. A further distinction is necessary to understand the implications of our findings for DCD. There are two main types of DCD, controlled and uncontrolled. Controlled DCD follows a planned withdrawal of life-sustaining therapy and no provision of CPR, whereas uncontrolled DCD follows failed CPR. Thus, the phenomenon of AR without CPR is relevant to controlled DCD, and AR after failed CPR is relevant to uncontrolled DCD.
Search Strategy and Selection of Studies
Three narrative reviews summarizing case reports of AR after failed CPR have been published (28 -30) . In addition, DeVita (19) has published a narrative review of AR. None of these publications was considered to be systematic reviews of the form described by Pai et al (31) . Therefore, we conducted a systematic review of the AR literature.
Any original study that reported on the phenomenon of AR was considered eligible for this review. To identify all eligible studies, the following electronic databases were searched (from date of first issue of each journal until July 22, 2008): MEDLINE using PubMed, EMBASE using OVID, Web of Science, and the Cochrane Library. The study language was limited to English, French, German, and Spanish. We consulted a health sciences librarian to develop our search strategies for each database (Appendix 1). All citations fulfilling the search criteria were compiled and duplicate citations were eliminated. Citation titles and abstracts were scanned independently by two reviewers (KH and LH) to identify original and review articles reporting occurrences of AR. The full texts of these articles were retrieved and independently reviewed to assess study eligibility. In addition, the reference lists of these articles were independently examined to identify additional relevant articles. All disagreements were resolved by consensus. Studies that were excluded were tracked and reasons for their exclusion were recorded.
We included all types of original studies, regardless of the study type or quality. Language restrictions were based on our ability to read English and French, as well as previous knowledge of studies from Germany and Spain. When an English or French version of a study was not available, we attempted to contact the study authors to obtain relevant information. A reminder was sent if no response was received after a 2-wk period. An in-house translation was performed if no response was obtained after this reminder.
Data Extraction
A data extraction spreadsheet was designed and pilot-tested by two reviewers (KH and LH). We independently extracted data from each of the studies included in the final review, with disagreements resolved by consensus. The data extracted included the following information: study type, study population, number of people in study, and time period of the study. In addition, for each study case the following information was extracted: age, gender, case scenario, length of time CPR was performed, last heart rhythm before AR, time from cardiac arrest or failed CPR to unassisted ROSC, method in use to monitor vital signs at time of AR, if there was a return of consciousness, and the final outcome.
Grading Quality of Evidence
The quality of the studies included in this systematic review was assessed according to the Grading of Recommendations Assessment, Development and Evaluation system (32, 33) , which categorizes study quality into one of
which may decrease the quality level) and the magnitude of the intervention effect (which may increase quality level).
Assessment of Heterogeneity and Statistical Analysis
We anticipated some heterogeneity in the primary outcome measure (timing of AR) based on the age of the participant, the scenario of the AR (AR without CPR vs. AR after failed CPR), and the quality of the study. However, because of the nature of the studies (and data) included in this review, no assessment of heterogeneity was possible, nor were we able to calculate confidence intervals; therefore, only point estimates are provided for the primary outcome. Data analysis consisted of a tabulation of study characteristics (year, setting, study design, and quality) and outcomes.
RESULTS
A total of 1265 unique citations were identified from our search of the literature (Fig. 1 ). Of these, 43 citations were selected for full-text review but 28 of which were excluded because 23 were not relevant, four were review articles, and one did not meet our definition of autoresuscitation in that all resuscitative interventions were not stopped before the reported ROSC (34) . The reference lists of the 43 "fully reviewed" studies were scanned and 12 additional citations were included from these lists. We attempted to contact the lead authors of six studies that were only available in German or Spanish. Only two of these authors provided the requested information. Therefore, three in-house translations were completed and one study could not be included because we were unable to obtain a full copy for translation (35) . Consequently, a total of 27 articles were included in the final review. For all studies screened, rejected, and accepted, there was excellent agreement between the two reviewers with respect to study selection (kappa, 0.78; confidence interval, 0.68 -0.88).
The 27 included studies reported a total of 32 cases of AR (26 -28, 36 -59) . The studies came from 16 different countries, the majority of which were from Germany (5; 19%) and the United States (5; 19%). All the studies were either case reports (18; 67%) or letters to the editor (9; 33%). Therefore, based on the Grading of Recommendations Assessment, Development and Evaluation system (32, 33) , they were all considered as being of very low quality.
The characteristics of the study subjects are contained in the Table 1 . All of the subjects were adults (median age, 68 yrs; range, 27-94 yrs) and 66% were male (gender and age were not reported in one study of three subjects). There were no cases reported in children. All 32 cases reported AR after failed CPR. There were no cases identified in which AR was reported when CPR was not provided. The duration of CPR ranged from approximately 6 to 88 mins, with three studies (five cases) failing to report this time period. Asystole was the most frequently reported (19; 63%) heart rhythm before AR. The duration of time from failed CPR to unassisted ROSC for the cases ranged from "a few seconds" to 33 mins. However, for the eight studies (36, 37, 40, 43, 48, 49, 57, 58 ) that reported ECG monitoring and exact times, AR did not occur beyond 7 mins (Fig. 2) . Of the 20 cases for which information on the patient's level of consciousness was available, 14 (70%) reported a return of consciousness, eight of which recovered fully, with follow-up information ranging from 18 days to 6 months. Of the 27 cases for which information on the patient's final outcome was available, most (18; 67%) died.
DISCUSSION
The principle findings of this review are: 1) the existing evidence documenting the timing of AR is of low quality and limited in scope; 2) AR after failed CPR has been reported in 32 patients, with times ranging from a few seconds to 33 mins; however, AR did not occur beyond 7 mins in studies reporting exact times and appropriate monitoring; 3) there are no reported cases of AR without CPR; and 4) there are no reported cases of AR in children. The following discussion elaborates on these principle findings, our study limitations, and the implications of our findings for clinical practice and DCD.
Existing Evidence
Our study hypothesis was confirmed in that there is insufficient evidence to define the limits of autoresuscitation. The only evidence available is that of case reports and letters to the editor, which are deemed to be low-quality evidence. Despite repeated calls by the Institute of Medicine (16, 17) and others (60, 61) to undertake studies designed to investigate the occurrence of AR, no such studies have been performed. One small observational study by Wijdicks (18) has been performed to monitor ECG activity after asystole after withdrawal of mechanical ventilation in 12 comatose patients with catastrophic neurologic injury.
Results of the ECG monitoring demonstrated that after cardiac arrest, ECG recordings of short duration were detected up to 10 mins after the arrest. These recordings consisted of 
AR After Failed CPR
The cases reported in this review pertain to AR after failed CPR and describe an unassisted ROSC from a few seconds to 33 mins after what was thought to be the death of the patient. It is uncertain whether some of these reports reflect errors in the diagnosis of death, a lack of continuous monitoring after "death," or the actual time period beyond which AR after failed CPR can still occur. We did not define the criteria for "cardiac arrest" in the inclusion criteria. Therefore, in the 11 cases that did not demonstrate asystole by ECG (Table) , it is impossible to confirm that circulatory arrest had actually occurred. In the case reports that did include ECG monitoring before cardiac arrest and continuous monitoring by ECG after cardiac arrest (28, 36, 37, 40, 42, 43, 48, 49, 51, (57) (58) (59) , AR after failed CPR did not occur beyond 7 mins.
Weise et al (34) report on a possible case of AR that we did not include in our review. This study reports on the case of a patient who experienced cardiac arrest during surgery and because of a poor prognosis did not receive "CPR;" however, his pacemaker continued to work and he was receiving high-dose catecholamine infusions. After the arrest, the catecholamine infusions were discontinued and a 6-min period of apnea and cessation of circulation were recorded by arterial line and ECG. We did not include this case in our review because it did not meet our inclusion criteria regarding the definition of AR. Given that the pacemaker was not stopped, all resuscitative measures were not terminated before the observed return of circulation.
AR Without CPR
We did not find any studies that reported the occurrence of AR in the absence of CPR. Our review excluded the studies reported on by DeVita (19) in his narrative review of AR. Although the information from these studies continues to be reported as evidence that AR without CPR will not occur beyond 65 secs (14, 61) , these studies described terminal cardiac electrical activity without any confirmation of ROSC and are therefore not examples of AR (17). For the purposes of our review, AR was clearly defined as the demonstrable return of circulation. ECG activity is necessary but not sufficient for circulation to resume.
Impact of CPR
Our findings suggest that the provision of CPR influences the occurrence of AR.
Sudden death after unexpected cardiac arrest is distinct from an expected death after withdrawal of life-sustaining therapy. Unexpected cardiac arrests generally occur after a primary myocardial event, often attributable to an arrhythmia. CPR in this setting often includes ventilation with 100% oxygen, administration of high-dose catecholamines, and chest compressions. These patients are more likely to be monitored when CPR is discontinued. CPR has been reported to cause dynamic lung hyperinflation and tamponade of venous return and heart function that may give the false appearance of circulatory arrest (49, 56, 57) . In contrast, after a planned withdrawal of life-sustaining therapy in a critically ill intensive care unit patient who is often comatose, cardiac arrest occurs because of progressive hypoxemia and CPR is not applied. These patients may have diminished levels of monitoring; withdrawal of oxygen, ventilator, and hemodynamic supports; and they may be palliated with analgesia and sedation. This distinct clinical and physiologic picture may explain the absence of AR in these cases.
Study Limitations
The main limitation of our systematic review is the exclusion of studies that were not reported in English, French, German, or Spanish. It is possible that we missed a report of AR that was published in a lan- guage other than these. In addition, as for any systematic review, we cannot entirely rule out the possibility of having missed a reported case of AR because of our search methods. Despite these limitations, we feel that it is unlikely that our search strategy failed to include any existing publications of observational studies designed specifically to determine how long one must wait after cardiac arrest to ensure AR is no longer possible.
CONCLUSIONS
There will continue to be a shortage of organs for transplantation for the foreseeable future. As such, it is anticipated that the present interest in DCD programs will continue to grow. A threat to the appropriate implementation or expansion of DCD programs is the lack of consistency in the recommended waiting period (2-10 mins) between cardiac arrest and the determination of death. These recommendations, in general, are based on studies examining the pathophysiologic limits to the reversibility of cerebral ischemia during cardiac arrest (62), expert opinion (14) , and commentary (19) .
The existing data are of insufficient quality to support or refute the recommended waiting period to determine death after a cardiac arrest in the context of DCD. Autoresuscitation, as defined by an unassisted ROSC after cardiac arrest, has not been reported in the absence of CPR. This has implications for controlled DCD. Autoresuscitation has been reported to occur from a few seconds to 33 mins after failed CPR. However, in studies reporting exact times and appropriate monitoring, AR did not occur beyond 7 mins after failed CPR. In addition, we were unable to find any reports of AR in children. This has implications for uncontrolled DCD programs, because the provision of CPR may confound the time period after which death can be determined after a cardiac arrest. The limitations of the existing data in this field strongly support the need for additional potential methods of evaluating the "time to death" question after withdrawal of life support. Such methods might include the implementation of prospective observational studies of the determinants of death after cardiac arrest in patients after withdrawal of life-sustaining therapy, the establishment of a registry for cases of autoresuscitation in DCD programs, and/or the development of a global consensus statement regarding the recommended time period of observation for the determination of death after cardiac arrest, which would include international experts in the fields of critical care medicine, resuscitation medicine, and organ donation.
